In this study we deposited Sn-3.0Ag-0.5Cu solder alloy as a bonding material in lead-free soldering by utilizing inkjet printing to improve the electrical interconnections of solar cell modules. Sn-3.0Ag-0.5Cu solder was successfully printed to bond thin-film solar cell modules. The improved interface wetting behavior between the adhesive surface of the aluminum electrode and lead-free solder joints in silicon thin-film solar cell modules was investigated with respect to reflowing at 240°C for 30 s by using an optical microscope and mean contact angle. The results show that the peel strength of the Sn-3.0Ag-0.5Cu solder alloy is better than that of silver paste when the dot spacing of solder droplets is lower than 200 µm (a density of over 50 µg/mm 2 ). The findings also show that the contact resistance of the solder alloy is better than that of silver paste when the dot spacing of solder droplets is lower than 100 µm. This results in a low power loss of solar cells of 1.1%, and a good photovoltaic conversion efficiency of over 8.3%. This study thus demonstrates the feasibility of decreasing the efficiency loss of solar cells by employing the proper spacing of lead-free solder droplets by inkjet printing.
Introduction
Silicon-based thin-film solar cells have attracted great interest as one of the more promising technologies for harvesting energy from sunlight over the last decade. The potential high power conversion efficiency (PCE) of siliconbased thin-film solar cells originates from the high intrinsic charge transport due to the well-ordered structures of highly crystalline silicon. Silicon-based thin-film solar cells have attracted interest as they need less silicon material, have good performance under low-irradiation conditions, are practical for use with an ultra large area process, and can be obtained using customized design and production methods. 15) However, there are also drawbacks to using silicon thin film solar cells in photovoltaic applications, such as the expensive production processes.
The conversion process of transforming cells into modules is essential for the solar cell industry. However, most studies have focused on the cell structure to enhance efficiency, rather than improving the solar module process. One of the important steps in the solar module process is bus wire attachment, which connects conductive ribbons to lead the current to the junction box. The conventional bonding technique employs silver paste to connect the back electrode of a solar cell and the ribbon. 6, 7) Silver paste has thus been widely used in industrial cell fabrication for the back electrode metallization of silicon thin-film solar cells. 810) However, the high cost of silver paste and its poor bonding strength, which may cause electrical power loss, has limited the development of silicon thin-film solar cells.
Among the various solutions for cheaper fabrication is the utilization of new materials or approaches in solder connection technology, including the use of high performance electronic products such as flip-chip binding, 11) ball grid arrays, 12) and photovoltaic (PV) module encapsulation, 13) which can help address this issue of electrical power loss due to poor bonding strength. However, the production cost of PV module encapsulation in solder connections is still too high when using silver paste as the electrical interconnects between solar cells and copper strips. Furthermore, few reports have described the most important step in the PV process, which is the electrical interconnects of solar cell modules. Consequently, the quality of the package and reliability of the soldered connection affect the efficiency of solar cells and lifetime of the PV module. For example, aluminum and copper are generally used in electronic products, 14, 15) including soldering connections for siliconbased solar cell modules. However, these face problems when they are required to directly bond interconnectors between the aluminum and the copper without any flux. Moreover, although aluminum has a low density, good electrical and thermal conductivity, and good corrosion resistance, it easily oxidizes into aluminum oxide (Al 2 O 3 ). Based on these disadvantages, it is necessary to enhance the electrical interconnects of soldering connections between the aluminum electrode and copper ribbon. Among the various categories of bonding materials, Sn-3.0Ag-0.5Cu solder alloy is promising for use in the module packaging of solar cells, because of the low cost of the material itself. Further, leadfree solder is used as a bonding material in modern electronic packaging, due to its good electrical performance and mechanical properties.
In the last few years solder-coated ribbon (solder alloy/ copper ribbon) is widely used for interconnections in solar modules, due to its good conductivity and excellent solderability. Many studies have shown that the peak temperature and time above liquidus during the reflow process are very important parameters. 16) While previous studies have examined the effects of solder-coated ribbon on solar cell performance, 17, 18) material is wasted and the manufacturing process is rather complex when solder-coated ribbon is used as an interconnector. Inkjet-printing technology is a promising candidate to improve these shortcomings and thus replace solder-coated ribbon, due to its non-contact direct writing method, 19) which can reduce material consumption, simplify the manufacturing process, and allow the precise control of position and design of particular patterns. In addition, Sn-3.0Ag-0.5Cu solder alloys can also be used as inks for inkjet printing, 2022) making this a potential method for fabricating solder bumps and joints for bonding in the electronics industry. The purpose of this study was to investigate the wetting behavior of the Sn-3Ag-0.5Cu solder alloy and inkjet printing for bonding on the aluminum electrode of a silicon thin-film solar cell substrate. Molten lead-free solder was deposited by utilizing inkjet printing to replace silver paste, thus improving the bonding strength of the connections between the back electrode and copper ribbon in the fabrication of thin-film solar cell modules.
Experimental Methods

Reflow process
The composition of the 96.5Sn-3.0Ag-0.5Cu solder is given in Table 1 (the prescribed indexes in the front of the elements are weight percentages for total element weights; denoted herein as Sn-3.0Ag-0.5Cu). The solder balls consisting of the Sn-3.0Ag-0.5Cu solder alloys had a diameter of 300 µm. In order to examine the wetting ability of Sn-3.0Ag-0.5Cu solder alloys on commercial silicon thinfilm solar cells, the solder alloy was investigated by reflowing it on the aluminum electrode of a commercial silicon thinfilm solar cell module. Figure 1 provides a schematic representation of the Sn-3.0Ag-0.5Cu solder alloy on the aluminum electrode of a silicon thin-film solar cell module placed in the infrared (IR) reflow. The flux mainly consisted of commercial flux (51 Flux) while the rosin clean-free flux (CS-625A) had different concentration ratios (0, 0.25, 0.50, and 1.00). Inorganic films are typically made up of a layer of transparent conducting oxide (TCO), generally in the form of indium tin oxide (ITO), fluorine doped tin oxide (FTO), doped zinc oxide (ZnO), tin oxide (SnO 2 ), and so on. In this study indium tin oxide (ITO) was deposited for the TCO, which can be used as front electrode in silicon thin-film solar cells. First, the glass is the substrate, for which all layers can be sequentially deposited ITO/a-Si/Al via plasma enhanced chemical vapor deposition (PECVD). The specimen dimensions of the silicon thin-film solar cell module were 15.0 mm (length) © 15.0 mm (width) © 4.0 mm (thickness), and a 1 cc drop of flux is put on a silicon thin-film solar cell substrate. A viscometer (µVisc) is an instrument used to measure the viscosity of different concentration ratios (0, 0.25, 0.50, and 1.00) at 26°C. The microfluidic sensor measures viscosity from the drop based on the pressure that occurs when the sample flows through a small rectangular flow channel.
The solder alloys exhibit a narrow melting temperature range, which approaches the eutectic point of about 217°C. 23 ) Figure 2 shows that the peak reflow temperature was fixed at 240°C, for which a time of the 55 seconds above 217°C was used. The evolution of the wetting behavior between the solder and module substrate was observed and recorded using a CCD camera. After the reflow process, the interface wetting ability of the solder between the module substrate and the Sn-3.0Ag-0.5Cu solder alloy was analyzed using a contact angle (CA) system (Dataphysics). The wetting ability in terms of the contact angle is described by the Young-Dupre equation (eq. (1)):
where £ gs , £ ls , and £ gl are the interfacial tensions at the interface of substrate (solid)-flux (liquid), substrate (solid)-solder (liquid) and solder (liquid)-flux (liquid), respectively. 24) The values of ª can be derived from the experimental data obtained after reflow, and the contact angle was used as an index of wetting ability. Figure 3 shows a schematic diagram of the micro push testing. The system is composed of a load cell, firing pin, speed sensor, spring coil, detector, and charge coupled device camera (CCD). In order to understand the influence of the surface of the solder joint on the bonding strength, the latter was measured and calculated using the average values of the peak load by the micro push testing system. The load acting on the solder joints was sensed using a 45 N load cell. The micro push testing of the solders was measured with the impact velocity fixed at 1.0 m/s. The distance between the impact tool and the substrate was kept constant at 0.05 mm. All the specifications followed the JEDEC ball grid array ball shear standard (JESD22-B117, 2003). 25) Fig. 1 Schematic diagram of the reflow apparatus for Sn-3.0Ag-0.5Cu solder alloys, which were deposited on the aluminum electrode of a silicon thin-film solar cell substrate, in infrared (IR). 
The micro push testing
Solder material and flux
A commercial Sn-3.0Ag-0.5Cu lead-free solder was used, the melting point of which is about 217°C. This solder alloy is widely used in the modern electronic industry owing to its low cost and good mechanical properties. The fabrication of thin-film solar cells usually starts with the deposition of an aluminum thin film as the back-contact electrode. The bonding of aluminum with solder is problematic due to the surface oxidization of aluminum into aluminum oxide (Al 2 O 3 ), and thus it is necessary to coat flux on the aluminum back electrode of the thin-film solar cell to enhance the wetting ability of the solder. 26, 27) Commercial flux (51 Flux), which contains aminoethylethanolamin (AEEA), triethanolamine (TEA), and ammonium fluoborate (BF 4 H 4 N) was used to remove the surface oxide. Furthermore, the flux was mixed with rosin cleanfree flux (CS-625A) to make a 0.25 concentration ratio of non-neat flux (51 Flux : Rosin = 1 : 3).
Experimental setup and process
A drop-on-demand (DOD) piezoelectric inkjet printing device was used in this process. 23) In order to obtain molten solder droplets, the inkjet printer included heating and N 2 gas control systems to provide sufficient superheat and prevent oxidation, respectively, for the Sn-3.0Ag-0.5Cu solder alloy during printing. The solder alloy ink reservoir temperature was maintained at 230°C at all times to obtain the proper fluid properties (as mentioned above, the melting point of Sn-3.0-Ag-0.5Cu solder alloy is about 217°C). The 80-µm-diameter print-head nozzle orifice was driven by a bipolar pulse waveform with given pulse voltages and times to generate single droplets. Amorphous thin-film solar cell samples were prepared and lead-free solder droplets were deposited on their aluminum back electrodes with dot spacings (D) of 100, 200, and 300 µm, respectively. Subsequently, copper ribbons were covered on the aluminum back electrode. A schematic illustration of the experimental process is shown in Fig. 4 . Finally, the deposited droplets of lead-free solder were re-melted to connect the aluminum back electrode and the copper ribbon at a soldering temperature of 250°C for 60 seconds. A commercial silver paste (Pelco colloidal silver product number 16031) was used to clarify the change of power loss on the surface of the aluminum back electrode. In these experiments, samples were heated in a pre-heated oven for 60 min at 150°C. The cross-sectional connection morphologies in the solar cell modules were observed using a scanning electron microscope (SEM, SU-8000) along with energy-dispersive X-ray (EDX) spectra and an optical microscope (OM). A peel strength tester was used to measure the bonding strength with peel angles of 90°and 180°, respectively. The effects of the bonding condition of the silicon thin-film solar cell modules on the electrical characteristics were studied, for which a solar simulator was used to measure the electrical parameters of the solar cell modules before and after bonding.
Results and Discussion
Effects of flux concentration
The flux concentration refers to the critical importance of the jointing performance. As described above, the effects of the flux concentration are evaluated. Next, the reflowing solidification processes of the four different flux concentrations were investigated to assess the effects of the proposed flux concentration adjustment method. Figure 5 shows the effects of the concentration variations on the contact angle and peak load of the solder joints. The experimental values of the contact angle and the peak load for the reflow process were 106.7°and 0 N to 37°and 5.61 N, respectively. As shown in Fig. 5 , the contact angle decreases and the average values of the peak load increases with increasing the flux concentration.
A 0.25 flux concentration is revealed in the following diagram, in which the contact angle of 71.2°was wetted by reflowing. It can be seen that the contact angle decreased as the flux concentration increased from 240°C to room temperature after the reflowing solidification process. Because the quantity of the Al electrode in the samples is small due to its surface oxide (Al 2 O 3 ), we can tentatively suggest 
The viscosity increases along with the flux concentration because more NH 4 BF 4 is provided, and this make the process more difficult. At the 0.25 flux concentration, the contact angle decreases due to the reflow temperature and active flux with the Al 2 O 3 , which together affect the joint's strength.
The average viscosities of the different concentrations are given in Table 2 . The viscosity increases from 2.4 © 10
¹3
Pa·s to 7.4 Pa·s when the flux concentration increases from 0 to 1.0 at room temperature, and 1 cc of flux was used to put a drop on a silicon thin-film solar cell substrate. The 1.00 flux concentration (C) causes more viscosity, and the flux is thus difficult to clean for the cooling conditions. During reflowing, molten solder was wetted with silicon thin-film solar cell substrates at the interfaces. For the flux concentration (C) of 0.25, the results show that the Sn-3Ag-0.5Cu solder and the aluminum electrode of a silicon thinfilm solar cell substrate were jointed at the interface, and that the Sn-3Ag-0.5Cu solder wetted the aluminum electrode after reflow.
The bad wetting ability with a large contact angle of 106.7°i s formed by applying CS-625A that was not able to bond between the Al and solder. Although the pure 51 Flux was able to reduce the wetting angle of 37°and obtain the peak load of 5.61 N, it had high viscosity of 7.4 Pa·s and was difficult to place on the surface. In order to obtain the suitable fluid properties, the commercial fluxes at ratios of 0.25 and 0.5 are mixed. Both modified fluxes have similar bonding strength of about 4.9 N, but the mixed flux ratio of 0.25 with a lower viscosity of 5.8 © 10
¹3 Pa·s was easier to place on Al thin film than that with a ratio of 0.5 and viscosity of 3.1 © 10 ¹2 Pa·s. Consequently, the optimum flux ratio was determined to be at 0.25.
Effects of spacing adjustment on peel strength
The inkjet printing behavior must be observed to verify the formation of stable single droplets, and thus the molten leadfree solder could be printed on the aluminum back electrode of thin-film solar cells. The evolution of molten lead-free solder ejected from the nozzle of a piezoelectric print head is shown in Fig. 6 , the images of which were recorded using a CCD camera. The jetting molten solder forms a liquid thread from the nozzle, and the liquid thread then necks and is pinched off, forming a droplet. Stable single micro-droplets formed without satellite droplet formation, which affects the quality of inkjet printing. The array patterns on the aluminum back electrode of a thin-film solar cell with a solder joint diameter of 80 µm and various dot spacings (D) are shown in Figs. 7(a)(d) . The estimated amounts of lead-free solder per unit area for D of 100, 200, and 300 µm are 201 µg/mm 2 , 50 µg/mm 2 , and 18 µg/mm 2 , respectively. The solders deposited on the aluminum back electrode were re-melted to connect the copper ribbon. Figures 8(a)  (b) shows a SEM image of a thin-film solar cell after bonding. It can be seen that the solder is connected to the aluminum electrode, with no pores in between. Figure 8(c) shows the top view of the OM image of the peel strength for the solder joint. The red arrows in the OM image indicate that Fig. 5 The effects of the various concentrations on the contact angle and peak load of the solder joints. : Contact angles of the flux concentration ratios of 0, 0.25, 0.50, and 1.00 for Sn-3.0Ag-0.5Cu solder alloy on the aluminum electrode of silicon thin-film solar cell substrates after the reflow process at 240°C for 30 seconds, and : The average maximum peak load of the micro push testing. Table 2 The average viscosity of the various concentrations.
Ratio of the flux
Viscosity, ©/Pa·s solder is connected to the aluminum electrode. As such, the solder flux enhanced the wetting ability and solder ability between the solder and aluminum electrode. The peel strength test was used to compare the bonding strength quality between the back electrode and the ribbon obtained with silver paste and that with the solder alloy with various spacings (D) values, as shown in Figs. 9(a)(d) . Figure 9 (a) shows that the average peel strengths in the horizontal direction were 9.05 N/mm (100 µm), 7.51 N/mm (200 µm), and 3.74 N/mm (300 µm) for the solder alloys and 2.85 N/mm for the silver paste. The results indicate that as the amount of solder increases, the peel strength also rises. Moreover, the peel strength of the solder alloy is much better than that of the silver paste when the dot spacing of the solder droplets is lower than 200 µm (density > 50 µg/mm 2 ). The maximum values of peel strengths in the horizontal direction on the aluminum back electrode of the thin-film solar cell for dot spacings (D) of 100, 200, and 300 µm are shown in Fig. 9(b) . It is seen that the same results of the average peel strengths (Fig. 9(a) ) and maximum values of peel strength (Fig. 9(b) ) are found. Fig. 9(d) . It is obvious that the schematic representation of the average peel strengths (Fig. 9(c) ) and maximum values of peel strength ( Fig. 9(d) ) for the copper ribbons remain the same. The peel strength in the vertical direction is smaller than that in the horizontal direction because the stress directions are different. However, with regard to the vertical direction the peel strength increases with the amount of lead-free solder, and the solder alloy is stronger than the silver paste at a spacing (D) lower than 200 µm.
Electrical properties
The current-voltage (I-V) curves of thin-film solar cells with various spacing (D) values before and after bonding are shown in Figs. 10(a)(d) . In Fig. 10(a) , when D is 100 µm, the trends of the two curves are similar before and after bonding, which indicates low power loss. However, for a D of 200 and 300 µm, the trends of the curves after bonding deviate from those before bonding, as shown in Fig. 10(b) and Fig. 10(c) . This means that as D increases, the power loss also rises. The I-V curve of a thin-film solar cell with silver paste is shown in Fig. 10(d) . The trends of this curve are similar to those for the D of 200 µm curve. The electrical properties of the thin-film solar cells are shown in Table 3 . The power loss values are 1.1, 2.4, 3.3, and 2.6% for the solder alloys with a D of 100, 200, and 300 µm and the silver paste, respectively. The bonding obtained with solder droplets leads to a lower loss in power of a solar cell compared to that obtained with silver paste when the amount of solder is over 50 µg/mm 2 . However, the reason for the decrease in power loss with increased bonding strength is still unknown. Some studies have indicated that the contact resistance of bonding with silver paste is higher than that obtained with solder, 14) meaning that the loss in solar cell efficiency when using solder is smaller than that seen with silver paste. In this study it is speculated that the poor bonding strength makes defects on the interface of the Sn-3.0Ag-0.5Cu alloy and the aluminum back electrode. This may be due to the effect of its surface oxide (Al 2 O 3 ) on the aluminum back electrode. This leads to high contact resistance for solar cell electrons as they pass from the aluminum back electrode to the copper ribbon, thereby reducing efficiency. The change in power loss may be a result of using the Sn-3.0Ag-0.5Cu alloy as the connection between the copper ribbon and aluminum electrode with a dot spacing larger than 200 µm, which increases the contact resistance compared to that of the silver paste. The reasons for the increase in the contact resistance between the copper ribbon and aluminum electrode after bonding are shown in Table 3 . It can be seen that the contact resistance for the dot spacing (D) of 100 µm was very low, and thus there was a low power loss. The results show that connecting the aluminum back electrode and the copper ribbon using a solder alloy via inkjet printing leads to less electrical power loss than seen with silver paste when the amount of solder is over 50 µg/mm 2 . 
Conclusion
This study demonstrated the feasibility of using Sn-3.0Ag-0.5Cu solder alloy with inkjet printing instead of silver paste as the electrical interconnects between aluminum thin film and copper foil in silicon thin film solar cells. The flux composed of a commercial 51 Flux and rosin with a ratio of 1 : 3 (flux concentration 0.25) was found to induce good wetting behavior between the lead-free solder and aluminum and required no further cleaning. The experimental results successfully demonstrate interconnections with sufficient mechanical quality using Sn-3.0Ag-0.5Cu lead-free solder joints. It is observed that the contact angle is reliable at ratios above 0.25. As the flux concentration increases, the contact angle decreases owing to the activation of the flux with the Al 2 O 3 , which affects joint strength. When the appropriate flux was found, Sn-3.0Ag-0.5Cu solders were then deposited using inkjet printing for bonding in thin-film solar cell modules. The results show that the peel strength of using lead-free solder is better than that of silver paste when the amount of lead-free solder is over 50 µg/mm 2 . As the bonding strength increases, the loss in solar cell efficiency decreases. Additionally, the experimental results showed that a low loss in power of 1.1% and a good photovoltaic conversion efficiency of over 8.3% were obtained. 
